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Abstract 
Within the last decade, several cases of the supply chain vulnerability to major disruptions have been observed. The typical mitigation 
strategies such as safety inventory and excess capacity are inadequate to cover the major disruptions. Furthermore it is not economical to invest 
in such costly proactive strategies to recover from infrequent disruptions. The objective of this paper is to provide a decision making tool 
achieving robust supply flow by incorporating strategic stock and reconfigurable back-up supplier in mitigating disruptions. We consider a firm 
with two suppliers where the main supplier is cost-effective but prone to disruptions and the back-up supplier is reliable but expensive due to 
re-configurability characteristics. We present a multi-stage robust optimization model to determine optimal strategic stock levels and layout 
configuration of the back-up supplier for a supply chain subject to random realization of disruptions and available capacity during the ramp-up 
time. Furthermore, the partial available capacity of the backup supplier during the response time has been modelled using queuing theoretical 
models. The results show the optimality of highly scalable configuration as the decision maker becomes more risk averse. 
© 2014 The Authors. Published by Elsevier B.V. 
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1. Introduction  
The number of natural and manmade disasters which 
disrupts the supply flow has increased significantly within the 
last decade. Ford stopped production in five plants due to the 
air traffic suspension after the terrorist attacks on September 
11th 2001 [1]. Toyota, Nissan and Honda closed their plants in 
Japan and General Motors suspended production in its 
assembly plant in USA due to the shortage of parts after the 
Japan tsunami in 2011 [2]. In addition to these, the supply 
flow may fluctuate as result of normal circumstances such as 
machine breakdowns. Therefore, cost-efficient strategies 
which enable the supply flow to be robust under the risk of 
both minor and major disruptions should be employed in the 
supply chain network [1]. To this end, the strategic stock 
could be incorporated to cover minor disruptions and a back-
up supplier having reconfigurable manufacturing system 
(RMS) could be employed to cope with major disruptions. 
However, the back-up supplier may not be able to present the 
required capacity instantaneously since some portion of the 
added capacity may be lost during the ramp-up time [3]. The 
available capacity of the back-up supplier during the ramp-up 
time depends on the scalability level of the back-up supplier, 
the fraction of the added capacity which is available during the 
ramp-up and the resulting congestion due to the workload 
accumulation. In order to accommodate these losses, strategic 
stock could also be used [4]. In order to develop an efficient 
risk mitigation strategy, the parameters which affect the 
available capacity during ramp-up period should be taken into 
account in the design of the supply chain configuration. The 
objective of this paper is to determine the optimal level of 
strategic stock and scalability of the back-up supplier in order 
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to create a robust supply flow. Next section reviews the 
relevant literature; Section 3 presents the problem statements; 
Sections 4 describes the robust model formulation; the 
numerical results are presented in Section 5 and Section 6 
states the conclusions. 
2. Literature review  
Designing robustness in the supply chain is an increasing 
area of interest of many researchers due to recent major 
disasters. A supply chain design is determined as robust if it 
has capability to maintain value creation under normal 
business conditions as well as in major disruptions [4]. In 
order to have a robust supply chain, Tang [1] identifies 
several mitigation strategies. Tomlin [5] categorize these 
strategies based on the impact and frequency of disruptions. 
He concludes that having a volume-flexible back-up supplier 
is appropriate for rare and long disruptions while the strategic 
stock is optimal for short and frequent disruptions. The 
strategic stock along with volume-flexible back-up resource 
has been exploited in several papers to mitigate the impact of 
disruptions. Hopp and Yin [6] identify the optimal location of 
the strategic stock and/or back-up capacity in the supply chain 
network to protect the supply flow against disruptions. 
Niroomand et al. [7] model the available capacity within the 
ramp-up time in a two-echelon supply chain where the 
production stage includes a dedicated manufacturing system 
(DMS) and a reconfigurable manufacturing system (RMS) as 
a backup resource. The back-up resource may not reach to the 
full production capacity during the ramp-up time as a result of 
frequent occurrences of the system breakdown, rework and 
scrap [3]. Therefore, assuming the back-up resource 
availability without considering its production capacity during 
the ramp-up can degrade the robustness of the supply chain 
[8].  
The success of back-up resource in mitigating the impact 
of disruption depends on its scalability which is defined as the 
speed of the back-up resource to provide the required capacity 
level [8]. Wang and Koren [9] model the scalability of RMS 
based on the system layout. In a serial configuration, the 
speed of achieving the required capacity is slow since the 
added capacity would be available after completing the 
reconfiguration process of all stages. However, there is a low 
investment cost because of the simpler machine structure. On 
the other hand, in a pure parallel configuration, the speed of 
transition is fast along with high investment since each 
machine is capable of performing all the steps. These 
differences show that the initial configuration of the back-up 
resource can affect the supply chain robustness where the 
trade-off is between the investment cost and response speed.  
In this work, we focus on the robust design of the supply 
flow to deal with disruptions by incorporating strategic stock 
and a volume flexible back-up supplier having reconfigurable 
manufacturing system [4, 6]. Furthermore, we model the 
ramp-up characteristics such as randomness related to the 
available capacity during the response time as well as the 
congestion effects. These impacts are ignored in the studies 
that incorporate back-up resource to cover disruptions [4, 5, 
6]. The objective of our paper is to create a decision-making 
tool to identify the optimal strategic stock level and the layout 
configuration of the back-up supplier to design a robust 
supply flow in order to mitigate disruptions. 
3. Problem statement  
In this work, we assume a single product supply chain that 
includes a firm with dual sourcing. The main supplier is cost-
effective as a result of dedicated facilities though prone to 
disruptions during which it may be partially or completely 
unavailable. There is a back-up supplier located in a low-risk 
region that is available when the main supplier is unavailable. 
The back-up supplier has reconfigurable manufacturing 
system that can alter its capacity according to a speed related 
to its layout configuration. Demand during non-disrupted 
periods is supplied by the main supplier. The raw material is 
released into the main supplier at the beginning of period, 
which results in production. This throughput is usually less 
than the maximum capacity due to queuing effects, resulting 
in work in process inventory. There could be two types of 
disruptions: minor and major. Once a minor disruption occurs, 
the strategic stock which is provided at the beginning of the 
planning horizon can cover the losses. When the main 
supplier fails due to a major disruption, the back-up supplier 
could change its capacity to cover the required supply. 
Transferring the demand to the back-up supplier when it is not 
fully capable of producing at the required rate during the 
ramp-up time can create congestion which increase the lead 
time. Ignoring this fact may lead to overestimation of the 
available capacity during the ramp-up. 
Product shortages occur if the available capacity within 
ramp-up time is less than the required capacity. While the 
amount of the available capacity during the ramp-up depends 
on RMS layout configuration [9], the strategic stock could be 
used to cover the losses during minor disruptions as well as 
ramp-up [4, 6].  This implies that the strategic stock level and 
the back-up supplier’s scalability level should be determined 
at the design stage of the supply chain with respect to the 
operational costs of holding, initial investment, excess 
capacity and shortage in order to have a robust supply flow. 
For this purpose, we develop a multi-stage robust 
optimization model in the following section. Note that the 
selected configurations would remain fixed during the 
planning horizon while the capacity might change upon the 
realization of the different disruption scenarios.  
4. Model formulation  
The list of the parameters and decision variables are 
presented in the Table.1. 
 
Table 1.List of notations. 
Parameters 
t  Current time 
d  Main supplier (DMS) 
r  Back-up supplier  (RMS) 
j  Layout configuration of RMS 
i  Level of available capacity during ramp-up 
s  Scenario 
156   Alireza Ebrahim Nejad and Onur Kuzgunkaya /  Procedia CIRP  17 ( 2014 )  154 – 159 
z  Steps of capacity increment 
n  RMS nominal capacity level 
<  A big number 
tD  Demand at time t 
W  Production cost of RMS 
O  Shortage cost 
A  Strategic stock investment cost 
H  Holding cost 
E  Excess capacity cost of RMS 
dC   Maximum capacity of DMS 
rC  Maximum capacity of RMS 
,r jC  Size of capacity increment in configuration j   
rC  Smallest size of capacity increment in set J   
,s tG   1 if major disruption at time t scenario s, 0 else 
,s tF  1 if minor disruption at time t scenario s, 0 else 
B  Intensity of the minor disruption  (0,1)  
jC   Investment cost of configuration j   
,
i
s tK  1 if level i  of capacity is available during  ramp-up at time t scenario s, 0 else 
,j iU  The fraction of added capacity available for configuration j  and available capacity level i   
O  Goal programming parameters 0O t  
sP  Probability of scenario s ^ `'1,2,...,T T  Planning horizon consisting of 'T  periods 
I  Set of available capacity levels during ramp-up 
J  Set of layout  configurations 
S  Set of plausible future scenarios 
^ `,2 ,...,r r rN C C C  Set of RMS nominal capacity levels 
dM  Lines representing  normal DMS clearing function  
d
FM  Lines representing DMS clearing function with minor disruption 
r
nM  Set of lines representing RMS clearing function  with fixed capacity level n   
,j i
nM 
Set of hyper planes representing RMS clearing 
function in periods with capacity changes to reach 
n  with configuration j  and available capacity 
level of i   
Decision variables 
,
d
s tx  DMS production at time t, scenario s 
,
r
s tx  RMS production at time t, scenario s 
,s tH  RMS excess capacity at time t, scenario s 
s'  The cost variation of the scenario s 
Q  Initial strategic stock 
,s tQ  Strategic stock level at time t, scenario s 
,s ti   
Strategic stock level at the end of a disruption period 
at time t, scenario s 
,
d
s tZ  DMS work in process at time t, scenario s 
,
r
s tZ  RMS work in process at time t, scenario s 
,
d
s tU  Raw material released to DMS at time t, scenario s 
,
r
s tU  Raw material released to RMS at time t, scenario s 
,s tW  RMS actual capacity at time t, scenario s 
,s t[  RMS nominal capacity at time t, scenario s 
,s tu  RMS available capacity during ramp-up at time t, 
scenario s 
,s tl  Lost demand at time t, scenario s 
jy  1 if configuration j  is selected; 0 else 
,s tb  1 if demand loss exists at time t, scenario s; 0 else 
,s ta  1 if capacity addition at time t, scenario s; 0 else 
,
,
j z
s tq  
1 if there is capacity addition at time t, scenario s 
with configuration j and z  steps capacity 
increment; 0 else 
0
,s tq  1 if the capacity level is fixed at time t, scenario s; 0 else  
,s t
'  RMS added capacity at time t, scenario s 
,s t
'  RMS removed capacity at t, scenario s 
,
n
s tg   1 if nominal capacity n  is reached at t scenario s; 0 else 
The robust multi-stage optimization model to determine 
the optimal level of the strategic stock and layout 
configuration of the back-up supplier are presented as 
follows:  
Minimize:  
                  j j
j J
C y AQ

¦  
, , , ,{ ( )}
r
s s t s t s t s t s s
s S t T s S
P H Wx Ol E PQ H O
  
    '¦ ¦ ¦  
 
(1) 
Subject to: 
, , , ,( )
r
s t s t s t s t
t T
H Wx Ol EQ H

   ¦  
, , , ,{ ( )}
r
s s t s t s t s t s
s S t T
P H Wx Ol EQ H
 
   d '¦ ¦  
  
s S   (2) 
1                    j
j J
y

 ¦   (3) 
, , ,
d r
t s t s t s tD x x l     
, , , 1 ,( )( )s t s t s t s tG F iQ    
  
,s S t T     (4) 
, , , , 1(1 )s t s t s t s tG FQ Q      
, , ,( )s t s t s tG F i  
  
,s S t T     (5) 
,0sQ Q  s S   (6) 
, ,s t s tl bd <  ,s S t T     (7) 
, ,(1 )s t s tbQ d <   ,s S t T     (8) 
, , ,( )s t s t s tl G Fd <   ,s S t T     (9) 
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s t s t s t s txZ Z U    ,s S t T     (22) 
, 1 , ,(1 )
d d
s t s t s t dF B CZ U  d   ,s S t T     (23) 
, 1 , , ,( )
r r
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0
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s t s t s t s t s t s tx x l iH Qt t t t t t  
(30) 
, , , , , ,0,  0,  0 0,  0,  0
  
d r d r
s t s t s t s t s t s tZ Z U U W [t t t t t t  
, ,0,  0,    0,  0,  0,  0
  
s t s t s s su[ Q t t ' t ' t ' t t  
^ ` ^ ` ^ ` ^ `, 0, , , , 0,1 ,  0,1 , 0,1 ,  0,1
  
j z
s t s t s t s tb q q D     
^ ` ^ `,0,1 , g 0,1
  
n
j s ty    
The objective function (1) includes the investment cost in 
strategic stock and layout configuration selection, the 
expected cost of holding strategic stock, RMS production, 
shortage and excess capacity costs along with the expected 
variation cost. The relative importance of the expectation and 
variation costs is controlled by the parameter O . As presented 
in (2), the variation of the scenario s , s'  is the difference 
between the cost of the scenario and the expected cost. Any 
scenario with a variation above the expected costs is penalized 
in the objective function. This allows focusing on the worst 
case scenarios to achieve robust design. 
Among the possible layout configurations in set J , only 
one should be selected (3). In the inventory balance equation 
(4), the strategic stock could be used in disrupted periods (i.e.
, ,  s t s tG or F equals to 1).The strategic stock level at the end of 
current period is equal to the previous period if there is no 
disruption in the current period (5). The strategic stock level is 
selected at the beginning of the planning horizon as part of the 
first stage decision variables (6). At any period, the binary 
variable ,s tb would prevent the model to have strategic stock 
and shortage simultaneously as expressed in (7) and (8). The 
product shortage occurs only in the period with disruption (9). 
The nominal capacity determines the amount of capacity that 
the system is set to reach (10). It equals to the nominal 
capacity of the previous period plus or minus the capacity 
changes in the current period. The nominal capacity can be 
changed in predetermined steps z which depend on the 
scalability of the selected configuration ,r jC  (11), (12). At any 
period, the capacity of RMS remains fixed or changed whose 
status is identified by constraint (13). In the periods which 
include capacity addition, the actual capacity is the nominal 
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capacity of previous period plus the amount of capacity that is 
available during ramp-up time. The actual capacity is equal to 
the nominal capacity in periods with capacity decrease (14).  
The available capacity during the ramp-up time ,s tu  is 
bounded by the random fraction ,j iU  of the added capacity 
where ,j iU  depends on RMS layout configuration jy and the 
level of the capacity availability realized during response time 
,
i
s tK (15). At any period with capacity change, either capacity 
addition or removal is possible which is identified in (16), 
(17). RMS removes its capacity once DMS recovers from a 
major disruption (18). The production of RMS is limited to 
the actual capacity and any unutilized capacity is considered 
as excess capacity (19). We assume that the nominal capacity 
consists of discrete values n  which represent the stepwise 
capacity increment (20). The constraints (21) and (22) 
represent the workload balance equations. The maximum 
workload in any period is bounded by the available capacity 
during that period, since the utilization of a resource cannot 
exceed 100% as indicated in (23), (24). Furthermore, the 
impact of disruptions over DMS capacity is represented in 
(23). There will be no material release in the DMS when it is 
not functional due to a major disruption (25). In order to show 
the impact of congestion over the production capacity, we 
incorporate an M/G/1 clearing function introduced by 
Missbauer [10]. Since the clearing function is concave, we 
apply an outer approximation to make it linear. The 
production of DMS and RMS in the periods with fixed 
capacity levels could not exceed the quantity which is 
estimated by clearing function based on the workload (26), 
(27) and (28). In these constraints, the clearing functions are 
represented by a set of lines. In the periods with changes in 
the capacity level of RMS, the clearing function depends on 
workload and actual capacity (29). In this case, the clearing 
function is represented by a set of hyper planes. The non-
negativity constraints are presented in (30). 
In order to determine different outcomes resulting from 
disruptions and the random available capacity during the 
ramp-up, we use a scenario tree. We define a scenario as the 
states of the supply flow within the planning horizon. The 
flow can be provided from DMS or RMS. DMS may be 
completely or partially available due to a minor disruption. 
Once DMS becomes unavailable due to a major disruption, 
RMS would resume the supply flow. However, different 
levels of the available capacity can be realized in the first 
period of back-up supply due to inherent randomness. We 
categorize the available capacity during the response time to 
three different levels: high, normal and low. Furthermore, we 
assume that the back-up supply is completely available after 
the response time. Based on these assumptions, the 
probability of each scenario is computed through the 
probabilities of the states. In order to investigate the 
performance of the proposed methodology, an illustrative 
example is presented in section 5. 
5. Numerical results  
We consider the supply chain associated with a product 
whose lifecycle lasts for six periods. The demand is assumed 
to be deterministic and 6,500 units per period. The maximum 
capacity of DMS is higher than RMS [7]. These values are set 
to 12,000 and 10,000 units respectively. Three different layout 
configurations are presented as decision variables: parallel, 
parallel-serial and serial. The parallel configuration has better 
scalability compared to other configurations [9]. Therefore, it 
can change its capacity in step size of 2,500 units while this 
value is 5,000 and 10,000 for parallel-serial and serial 
configuration respectively. According to Wang and Koren [9], 
the better scalability increases the investment cost of the 
parallel configuration as indicated in Table 2. There is also an 
investment cost associated with strategic stock which 
represents production/purchasing and holding costs. For each 
unit of demand loss and excess capacity, the supply chain 
would incur penalties which are represented by shortage and 
excess capacity costs. 
Table 2.Cost parameters ($/unit). 
Cost Value  Cost Value  
Parallel investment 135,000 Holding cost 40 
Parallel-serial investment 90,000 RMS production 125 
Serial investment 45,000 Shortage 300 
Strategic stock investment 180 Excess capacity 20 
 
We model the throughput evolution (e.g. in pieces/hr) of 
RMS during ramp-up time through functions of type axn. In 
order to determine the fraction of the added capacity which is 
available during the ramp-up time, we compute the area under 
each curve. As illustrated in Figure 1, the fraction of added 
capacity increases as more scalable configuration is selected 
and a higher level of capacity availability is realized during 
ramp-up time. The values used in this case study are presented 
in Table 3 for different scenarios. Furthermore, we assume the 
intensity of the minor disruptions over DMS results in 50% 
loss in the maximum capacity. 
 
 
Fig 1.Modelling the RMS throughput evolution during ramp-up 
Table 3.Fraction of the added available capacity in different scenarios. 
Level of available capacity during 
ramp-up 
RMS configuration 
Parallel Parallel-serial Serial 
High 0.933 0.867 0.8 
Normal 0.833 0.667 0.5 
Low 0.733 0.467 0.2 
 
Based on the stated assumptions, we evaluate the 
performance of the proposed model under two conditions. 
First we analyze the selection of the strategic stock level and 
RMS layout configuration in a low risk of disruption setting. 
For this purpose we set the probabilities of major disruptions
D , recovery from major disruption E  and minor disruptions 
occurrence S  to 0.01, 0.5 and 0.1 accordingly. We assign 
identical probabilities to different levels of available capacity 
0
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during ramp-up time. The results are presented in Figure 2. 
Note that the configuration type 1, 2 and 3 refers to Serial, 
Parallel-Serial and Parallel layout configuration respectively. 
   
 
Fig 2.Robust design of supply flow, Experiment 1 
In order to evaluate the impact of different tolerance level 
of the decision maker towards risk, a sensitivity analysis is 
conducted on O . For a risk neutral decision maker, i.e. 0O  , 
serial configuration is optimal without keeping any strategic 
stock. However as the decision maker becomes more risk 
averse, strategic stock is kept and the tendency toward the 
selection of more scalable configuration increases. This 
happens due to the focus on smaller portion of the worst case 
scenarios as O  increases. The worst case scenarios are the 
ones with high operational costs. In such scenarios, the 
available capacity during the response time is critical to cover 
the shortages, therefore the model selects a configuration with 
higher scalability. The second experiment is based on 
representing a risky supply chain setting. To this end, we set 
the parameters ,  D E  and S  to 0.025, 0.2 and 025. The 
outcome of model for this setting in presented in Figure 3. 
 
   Fig 3.Robust design of supply flow, Experiment 2 
The configuration of RMS for the risk neutral decision 
maker is similar to the experiment 1. However, higher level of 
strategic stock is required in experiment 2. This is a result of 
increase in the probabilities of occurrence for the disruptions. 
Moreover, the parallel configuration is selected as the optimal 
configuration of RMS as decision maker becomes more risk 
averse. This indicates that RMS should have a highly scalable 
layout configuration as the level of the supply chain exposure 
to the disruptions increases. Furthermore, the comparison of 
the results in experiment 1 versus experiment 2 for 10O   
reveals that the selection of the more scalable configuration 
decreases the level of the required strategic stock. Eventually, 
higher level of strategic stock and scalability of RMS is 
needed as the degree of the risk aversion of decision maker 
increases or the environment in which the supply flow is 
operating becomes more risky. The proposed model is 
especially useful for strategic supply chain decisions in order 
to design a robust supply flow once it is possible to estimate 
the probabilities of the disruptions. 
6. Conclusions  
In this paper, we investigate the selection of the strategic 
stock level and the layout configuration of the back-up 
supplier in order to create a robust supply flow under the risk 
of minor and major disruptions. To this end, we employ a 
multi-stage robust optimization model which enables to 
incorporate the randomness associated with disruptions and 
response time characteristics. The contribution of the 
proposed model is considering the impact of the response time 
characteristics such as randomness of the available capacity 
during the response time as well as the congestion over the 
available capacity. The results show the optimality of the 
higher strategic stock levels and more scalable configuration 
as the decision maker becomes more risk averse or the 
probability of disruption increases. In this paper, we assume a 
single product supply chain to assess volume flexibility. 
Considering interplay between the demands of multiple 
products to assess process flexibility could be a future 
research direction.  
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